Abstract It has been proposed that the spatial mismatch between deficits on perfusion-weighted imaging (PWI) and diffusion-weighted imaging (DWI) in MRI can be used to decide regarding thrombolytic treatment in acute stroke. However, uncertainty remains about the meaning and reversibility of the perfusion deficit and even part of the diffusion deficit. Thus, there remains a need for continued development of imaging technology that can better define a potentially salvageable ischemic area at risk of infarction. Amide proton transfer imaging is a novel MRI method that can map tissue pH changes, thus providing the potential to separate the PWI/DWI mismatch into an acidosis-based penumbra and a zone of benign oligemia. In this totally noninvasive method, the pH dependence of the chemical exchange between amide protons in endogenous proteins and peptides and water protons is exploited. Early results in animal models of ischemia show promise to derive an acidosis penumbra. Possible translation to the clinic and hurdles standing in the way of achieving this are discussed.
Introduction
Stroke is the second most frequent cause of mortality worldwide [1] . Thrombolysis treatment of ischemic patients can increase survival and reduce disability, but early intervention is key to a successful therapeutic outcome [2, 3] . To determine whether treatment will be beneficial, there is a need for advanced diagnostics that can identify the presence of an area of salvageable tissue at risk of infarction. Such an area is often described using the concept of an ischemic penumbra, first suggested for electrically dysfunctional tissue by Astrup et al. [4] , and further developed in terms of imaging-based penumbras by several others [5] [6] [7] . The penumbra is defined as a tissue region that is functionally impaired and at risk of infarction. "Penumbra" is used because this region generally (but not always) surrounds an area of irreversible damage, but "salvageable tissue" is a more precise description. To evaluate the presence of such tissue in the acute stroke setting, it is necessary to have imaging technology that can rapidly and specifically assess brain perfusion and metabolic status. While CT remains the mainstay due to its ease of use for ruling out hemorrhage, MRI and PET are more versatile. Of these latter two, MRI is more readily available and easy to repeat because no ionizing radiation is used. Large-and small-vessel perfusion can be assessed using MR angiography and dynamic contrast imaging (perfusionweighted imaging (PWI)), respectively [8] . In addition, T 2 *-weighted MRI is suitable to distinguish regions of hemorrhage, a crucial first step in the stroke exam. Diffusion-weighted imaging (DWI) provides information about cellular water shifts and anoxic cell membrane depolarization [9] .
In cases of ischemic stroke, it has been proposed to define an MRI penumbra in terms of the mismatch between PWI and DWI abnormalities [10] [11] [12] [13] [14] , and several trials are underway to test this hypothesis. The two largest trials are DEFUSE [15] and EPITHET [16] . Of these, the DEFUSE study was observational, i.e., all patients received tissue plasminogen activator regardless of mismatch. The results show that the PWI/DWI mismatch would be useful for selecting patients who could potentially benefit from early reperfusion [15] . The EPITHET was also a prospective study, but different from DEFUSE in that it was a randomized placebo controlled trial. They failed to meet the primary endpoint of patients with mismatch doing better, but this was later judged to be related to the use of a perfusion timing threshold that was too low. The current EXTEND trial (http:// clinicaltrials.gov) is basically the next EPITHET but now with proper perfusion timing threshold. Two other trials, RESCUE and DEFUSE2 (http://clinicaltrials.gov) to evaluate the PWI/ DWI mismatch potential are also ongoing. Thus, conclusive evidence for the PWI/DWI mismatch hypothesis as a marker for threatened tissue is still being pursued, but the prospects are promising.
Contrary to earlier beliefs that the area of a diffusion deficit in the image is homogeneous and progresses to infarction, recent data have shown metabolic heterogeneity within this zone and that such regions can, at least partially, recover [17, 18] . In addition, the area of perfusion/diffusion mismatch is heterogeneous from a flow point of view and may contain regions of benign oligemia that may recover without treatment. Measurement of the mean transit time, time to peak, time to peak of the impulse response, and first-moment transit time of the contrast bolus used for PWI provides an important indicator of the severity of the deficit [19] [20] [21] [22] , but differences between data analysis approaches (inclusion of arterial input function or not) and the setting of thresholds for such timing parameters affect the size of the penumbra and the correlation with correctness of outcome prediction. Due to the high risk of thrombolytic treatment (hemorrhage) and the uncertainty about the meaning and reversibility of the perfusion deficit and even part of the diffusion deficit, the continued development of novel imaging technology that can shed light on these issues is needed. As such, it is useful to discuss which MR parameters are affected during ischemia. Figure 1 shows a simplified overview of the approximate neurologic ischemic flow thresholds (Fig. 1a) as previously provided by Hossmann [7] and their relationship to some MR parameters (Fig. 1b) . Classically [4] , this intermediate zone is referred to as the ischemic penumbra where neuronal function is interrupted but the ion gradients are still maintained. Finally, at flow rates between 10 and 15 ml 100 g −1 min −1
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, anoxic depolarization occurs, leading to major shifts in intracellular sodium, potassium, water, and calcium. Although reversible changes in water shifts have been measured after membrane failure [23, 24] , as confirmed by recent clinical results, anoxic depolarization , and may shift with time depending on the ischemic duration. c Parcellation of ischemic area in terms of three zones, a DWI deficit most likely proceeding to infarction, a pH/DWI mismatch region at risk of infarction, and a PWI/pH mismatch not at risk often leads to infarction, except for very short ischemic durations. Fig. 1 indicates that the PWI/DWI mismatch includes areas of benign oligemia and that a potentially more useful parameter to assess risk of infarction is pH, which can provide information on tissue acidosis. In principle, 1 H MR spectroscopy (MRS) can be used to assess lactate and 31 P MRS to asses pH and impaired energy metabolism [25] . However, MRS is time consuming and insensitive (low spatial resolution) and generally not practical in the acute clinical stage. Fortunately, it has recently become possible to perform pH-sensitive imaging by employing the properties of exchangeable amide protons in mobile tissue peptides and proteins [26] . In this brief review we outline the principles of this new amide proton transfer (APT) methodology that can be used to provide an acidosis-based imaging penumbra based on the difference in area affected by pH changes and diffusion changes and a second "penumbra" for benign oligemia. This principle is illustrated in Fig. 1c .
pH-Sensitive MRI Using APT Imaging
Amide protons (NH) in the backbone of solute proteins interact with water protons through chemical exchange (Fig. 2a) . The exchange rate (k) of these protons is very pH dependent, and typically decreases tenfold per unit of pH drop [27, 28] . It has been shown that the amide protons of cellular proteins and peptides are detectable in the in vivo proton MR spectrum [26, 29, 30] . They appear as a broad peak consisting of multiple resonances at a frequency of around 8.25 ppm (Fig. 2b) for which the exchange properties and sensitivity to tissue pH could be confirmed [29] . However, the concentration of cellular mobile proteins and peptides is in the micromillimolar range and MRS is not sensitive enough for fast detection. Fortunately, a new method called chemical exchange saturation transfer (CEST) imaging has become available that allows detection of the exchangeable protons through the water signal [31, 32] . In this approach, the exchangeable protons are saturated (signal erased) at their MR frequency and this saturation is transferred to water. Detection of the effect of millimolar concentration protons on the water resonance (∼110 M protons) would normally not be feasible, but the combined effect of continuous saturation and exchange in which saturated solute protons are replaced by unsaturated water protons allows sensitivity enhancements of 100-1,000-fold [31, 33] . These CEST effects can be detected using magnetization transfer (MT) spectroscopy in which a so-called Z-spectrum is acquired displaying the water signal attenuation (S sat /S 0 ) as a function of irradiation frequency over the proton spectrum (Fig. 2c) . In such Z-spectra, the proton frequencies are conventionally referenced with respect to the water signal (around 4.75 ppm in the proton spectrum) and new frequencies are assigned to be 0 ppm for water and 3.5 ppm for the amide protons. These WEX spectra were obtained in vivo in the rat brain at 4.7 T. c The opposite process (amide proton to water proton) can be monitored by acquiring a Z-spectrum, in which the ratio of water intensity with saturation (S sat ) and without (S 0 ) is plotted as a function of saturation frequency. In addition to DS (assigned as 0 ppm) and conventional MT effects, an additional saturation can be seen at 8.25 ppm (i.e., 3.5 ppm from water) in vivo (green) but not postmortem (red) due to the reduced pH and lower exchange rate. (Reproduced, with permission, from Zhou et al. [26]) We previously named the endogenous CEST effect between amide protons and water the "APT" effect [26] , not to be confused with the biochemical ATP. As can be seen from Fig. 2c, it is not easy to demonstrate APT effects on water signal in tissue due to several confounding MRI phenomena. First, there is a large MT effect [34, 35] between solid-like macromolecular structures and cellular water. Secondly, there is direct saturation (DS) of water protons when irradiating near the water signal. However, a small APT effect can be seen in vivo around 3.5 ppm from water, which disappears during cardiac arrest (Fig. 2c) . In an effort to remove MT and DS effects, it is custom to perform a so-called MT ratio (MTR=1−S sat /S 0 ) asymmetry analysis with respect to the water signal, allowing the in vivo detection of small APT effects (amide proton transfer ratio (APTR)). The effect of ischemia on such exchangeable resonances is illustrated in Fig. 3a, showing that the removal of the MT/DS effects is not perfect in normal brain. Thus, the calculated asymmetry at 3.5 ppm has multiple contributions: MTR asym ð3:5ppmÞ ¼ MTRð þ 3:5 ppmÞ À MTRð À 3:5 ppmÞ
in which APTR is the MTR difference due to the APT effect and an additional term is added to account for remaining asymmetries. In the example in Fig 3a, reduced MTR asym (3.5 ppm) is found upon cardiac arrest, which can be attributed to pH reduction causing slower exchange. Notice that even though these APT effects are small (several percent on the water signal), they correspond to a detection sensitivity of molar concentration. By comparing the postmortem and in vivo asymmetries, Zhou et al. [26] were able to determine the change in APTR. Measurement of the in vivo and postmortem pH values and proton exchange rates with 31 P and 1 H spectroscopy, respectively, allowed calibration of the APTR change in terms of pH by assuming base-catalyzed exchange in the physiological pH range, which is known to be the case for most amide protons. The APTR could be determined to be [26] :
This equation indicates that the sensitivity for measuring pH changes in the physiological range (pH 6.5-7.5) is quite good, giving an APTR reduction of 65% between normal (pH ∼7.11) and postmortem (pH ∼6.66) brain tissue. In vivo during ischemia, depending on the continued delivery of glucose substrate or not, even lower pH values are possible. In the case of stroke, the MTR asym (3.5 ppm) images calculated from Eq. 1 are called the pH-weighted (pHW) images.
pH Imaging of Focal Brain Ischemia in Rats
Zhou et al. [26] subsequently used APT to study a permanent middle cerebral artery (MCAO) model in the rat brain (n=7). Interestingly, for this ischemia model, the change in the asymmetry spectrum between the ischemic area and contralateral was very similar to the postmortem/in vivo change (Fig. 3a, b) . Using Eq. 2, an absolute pH image could be generated (Fig. 3c) , correctly outlining the ischemic area in the caudate nucleus, a region commonly affected by infarction following MCAO. Ischemia was confirmed by DWI and histology, acquired 8 h later. No infarct was visible on the T 2 -weighted (T 2 W) image. The average ischemic pH was 6.52±0.32 (n=7). It is important Fig. 3 MTR asymmetry spectra obtained by asymmetry analysis of Zspectrum with respect to water frequency (right-left) showing combined APT and residual MT effects around 3.5 ppm offset from water. The APTR can be determined by comparing normal and impaired tissue. When comparing the in vivo/postmortem (a) and contralateral/ipsilateral (b) differences between normal and ischemic brain, they are comparable, indicating similar pH effects. Using a voxel-based calculation, a pure pH image can be calculated (c). The caudate nucleus (arrow) shows the largest change. Based on the twopoint pH calibration, an average ischemic pH of 6.52±0.32 (n=7) was found there. (Reproduced, with permission, from Zhou et al. [26]) to note that APTR decreases in ischemic lesion, which is opposite to high grade tumors where APTR is enhanced due to increases in protein content [36, 37] .
Following this initial study, APT-based pH imaging has been applied to brain ischemia in rats following MCAO by several investigators [38] [39] [40] [41] . First, we investigated the possibility of using the APT approach to detect a separate pH-based acidosis penumbra [41] . Adult rats (n=21) with permanent MCAO were studied using multi-parametric MRI over the first 3.5 h post-occlusion. Endpoint was the stroke area defined by T 2 hyperintensity at 24 h. The experiment was designed to minimize the occlusion and a diffusion/ perfusion mismatch was observed in most rats (18/21), as reported previously [42] . Interestingly, several animals showed negligible apparent diffusion coefficient (ADC) effects in the hyperacute period, despite the presence of perfusion and pH effects (Fig. 4a) , confirming that pH changes occur before ADC changes as expected from the ischemic flow thresholds (Fig. 1b) . In this particular animal, the pH deficit at 0.5 h was much larger than at later time points. We tentatively attribute this to rapid accumulation of lactate in this area at onset when glucose is still available, followed by diffusion of lactate out of this area reducing its size. The group results (Fig. 4b) showed that areas of reduced pH were always larger than or equal to ADC deficits, and smaller than or equal to perfusion deficits in the acute phase for all rats. Moreover, pH deficits during this phase coincided with the resulting infarct area at the endpoint. These data suggest that the hypoperfused area showing a decrease in pH without ADC abnormality corresponds to the ischemic acidosis penumbra, while the hypoperfused region at normal pH corresponds to benign oligaemia. To illustrate this principle, the different ischemic zones outlined in Fig. 1c were drawn for two animals in Fig. 4c , which could be accomplished using the experimental ADC, pHW, and cerebral blood flow (CBF) data. These first results showed that APT-based pH MRI can provide information complementary to perfusion imaging and diffu- Fig. 4 Multi-parameter MRI as a function of time after permanent MCAO in the rat. a Example in which no T 1 , T 2 , and ADC changes were seen, but ischemia was confirmed by hemispheric CBF reduction (obtained using arterial spin labeling) and a pHW deficit measured by APT imaging. Hyperintensity in the T 2 image at 24 h gives the final infarction area. b Group analysis of ischemic volume evolution for 18 rats with perfusion/diffusion mismatch, comparing areas of APT change (pH) and diffusion change as fraction of the perfusion-deficit region. The pHW region predicted well the evolution to infarction. [48] sion imaging in the delineation of ischemic tissue. Sun et al. subsequently performed such experiments using multi-slice acquisition in rats allowing a three-dimensional (3D) pHbased penumbra to be visualized [40] . Jokivarsi et al. [38] measured intracellular pH changes in rat brain tissue during and after MCAO using APT imaging and compared the results quantified by APTR and cerebral lactate concentrations (measured from proton MR spectroscopy). According to the APTR-pH relationship calibrated by Zhou et al. [26] (namely, Eq. 2), an APTR drop corresponding to an acidification from pH=7.12±0.06 to 6.79±0.19 (n=12) was found. Intracellular pH estimated from the lactate concentration was 6.31±0.23 in the lesion. One possible explanation for this small discrepancy is that the calibrated APTR-pH relationship may not be the same at different research centers because the APT technique is not standardized at this time. Another may be the fact that APTR is thought to be intracellular, while lactate is both intra-and extracellular. The lactate-pH correlation used in [43] was based on tissue lactate content. Although the two methods disagreed in terms of the size of the changes, APTR and lactate concentration nevertheless showed a strong correlation during MCAO [38] . This study further showed that APTR returned slowly toward the values determined in the contralateral hemisphere postischemia while ADC did not. This is somewhat puzzling, but may simply indicate pH returning to normal due to buffering of the tissue while the cells are still depolarized and lactate is still produced, in line with other studies [44] . In their second study, Joksivari et al. [39] evaluated only APTR changes post-reperfusion after 60-65 min of MCAO, similarly showing continued (but reduced) acidosis in areas with depolarized cells destined to infarction.
Potential for pH Imaging of Acute Stroke in Humans
The ultimate goal for APT imaging is its use in a clinical setting. However, the technology is complicated and current human APT imaging protocols are not yet optimized [45] [46] [47] [48] [49] . Several issues need to be addressed, including proper standardization of normal tissue contrast depending on radiofrequency (RF) power and length used for the saturation experiment, automated correction for inhomogeneities in the static magnetic field (B 0 ) and the RF field (B 1 ), fast whole-brain multi-slice or 3D acquisition, and removal of interfering MT/DS contrast. The APT approach has been successfully implemented in some first clinical single-slice studies for the assessment of brain [50, 51] and prostate [52] cancers. In these studies, the approach used there for standardization was to choose the RF power and length to accomplish a zero MTR asym (3.5 ppm) in normal tissue, allowing increases in protein content in tumors to be directly visualized. When using a similar approach in a preliminary study on a subacute stroke patient [48] , a reduction in APTR was found in most infracted brain zone as identified with flow-attenuated inversion recovery (FLAIR) imaging (Fig. 5) . This shows promise for the technique in the future, but hyperacute patients without T 2 -based changes will need to be studied to confirm this.
APT studies require acquisition of a B 0 field reference map to correct for different water reference frequencies in voxels in different spatial areas to allow for proper calculation of the MTR asym (3.5 ppm) image. The reason for this is that the slightest shift in the steep DS curve (Fig. 2c) can drastically change the appearance of the asymmetry map. Corrections can be done by acquiring the full Z-spectrum and frequency shifting each voxel, fast approaches for which are being developed [53, 54] . One reason that clinical applications of APT have remained limited mainly to single-slice acquisition is that the APT experimental parameters are often constrained by scanner hardware requirements, particularly with respect to amplifier duty cycle, and specific absorption rate guidelines. However, APT imaging has recently been extended to multiple slices [55] [56] [57] , already allowing acquisition of 30 slices in about 11 min with sufficient sensitivity [57] . Faster methods will probably be developed.
Conclusions
APT-based pH imaging is a novel noninvasive MRI technology that employs amide protons of endogenous proteins and peptides to image tissue acidosis via the bulk water signal. This approach has the potential to separate the PWI/DWI mismatch into zones of benign oligemia and an acidosis penumbra. Early results in ischemic animal models are promising, but more developments are needed to provide a multi-slice technique ready for fast acute stroke imaging in the clinic.
